Objective A considerable fraction of prostate cancers harbor a gene fusion between the androgen-regulated TMPRSS2 and ERG, one of the most frequently overexpressed proto-oncogenes in prostate cancer. Here, we investigated if inherited genetic variation upstream of ERG alters prostate cancer risk and survival. Methods We genotyped 21 haplotype tagging SNPs (htSNPs) covering 123 kb of 5 0 UTR DNA including exon 3 of ERG in 2,760 incident prostate cancer cases and 1,647 controls from a population-based Swedish case-control study (CAPS). Individual SNPs and haplotypes were tested for association with prostate cancer risk and survival.
Introduction
Recent studies show that a substantial fraction of prostate cancers harbor a gene fusion between the androgen-regulated TMPRSS2 (21q22.3) and an ETS family transcription factor, most commonly ERG (21q22.3) [1] [2] [3] [4] [5] . ERG, located 2.8 Mb downstream from TMPRSS2, is recognized as a proto-oncogene frequently over-expressed in prostate cancer [6] . It has been suggested that the juxtaposition with TMPRSS2 triggers ERG over-expression [1] causing epigenetic reprogramming, WNT signaling and downregulation of cell death pathways [4] . It appears as TMPRSS2-ERG fusion prostate cancers have a more aggressive natural history and they have been associated with clinical features including Gleason score [7, 8] , tumor stage [2, 9] and prostate cancer-specific death [10] . However, results have been conflicting [11] [12] [13] [14] [15] [16] [17] and it is still unclear what role the ERG:TMPRSS2 fusion plays in prostate cancer.
The TMPRSS2:ERG fusion is most often induced by a * 2.8 Mb deletion on chromosome 21q22.2-3 merging the two genes together. However, parts of the genes may also switch positions without any loss of intermediate genomic DNA [2, 4, 16, 17] . Rearrangement through deletion has been associated with high tumor stage and metastases to pelvic lymph nodes [2] implying that invasion regulators may reside between the two genes.
We hypothesize that germline DNA variation located 5' of ERG affects prostate cancer-specific death. Germline variation may alter ERG expression either directly through regulatory mechanisms or by affecting the presence of the TMPRSS2:ERG fusion and thereby ERG expression. We genotyped 21 htSNPs covering 123 kb of the upstream genomic DNA of ERG in 2,760 prostate cancer cases and 1,647 controls. Individual SNPs and haplotypes were assessed for association between polymorphisms and prostate cancer-specific death. As a corollary, we also assessed the genotyped SNPs with respect to prostate cancer risk.
Subjects and methods
Case-control study CAPS (CAncer Prostate in Sweden) is a population-based prostate cancer case-control study described earlier [18] . All men living in the northern and central parts of Sweden under the age of 80, and all men living in the Stockholm region and south-eastern part of Sweden under the age of 65 years constituted the study base. We invited all men with a newly diagnosed prostate cancer between March 2001 and October 2003. In total, 3,648 patients were identified and of them, 3,161 (87%) agreed to participate. We obtained information about clinical characteristics (Table 1 ) from the Swedish National Prostate Cancer Register (http://www.roc.se).
Control subjects were randomly selected from the Swedish Population Registry, frequency matched according to the expected age distribution of cases (groups of five-year interval) and geographical region (two regions, representing north and south of Sweden including Stockholm). Control subjects were recruited concurrent with case subjects. A total of 3,153 controls were invited and 2,149 (68%) agreed to participate.
For all participants, a blood sample and a questionnaire concerning risk factors for prostate cancer were collected. At time of this study, DNA was available for 2,760 cases and 1,722 controls. Each participant gave written informed consent. The research ethical committees at the Karolinska Institutet and Umeå University approved the study. 
SNP selection and tagging methodology
We determined the haplotype structure of ERG using publicly available genotype data from the CEPH population in the International HapMap project (www.hapmap. org). We only included SNPs with a minor allele frequency (MAF) above 5%. By including complete haplotype blocks as defined by Gabriel et al. [19] , our target region spanned 121 kb upstream and 1.8 kb downstream from the start site of translation. This region included four distinct haplotype blocks which were separately tagged using the tagSNPS software [20] . htSNPs were selected to capture at least 95% of the haplotype diversity. In addition, we filled the gap between the blocks by tagging the whole region and chose possible additional SNPs needed to ensure a total coverage of at least 95% of the total common genetic variation. In total, 23 htSNPs were selected and genotyped ( Fig. 1 ).
Genotyping
Genotyping details have been described earlier [18] . Shortly we used matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (SE-QUENOM Inc., San Diego, California, USA) [21] . PCR assays and associated extension reactions were designed using the SpectroDESIGNER software (Sequenom Inc., San Diego, California). Primer sequences are available on request.
Statistical methods
We tested for Hardy-Weinberg equilibrium for each SNP using a replication method as implemented in the GENETICS package in the public available software R [22] . Association between prostate cancer risk and each SNP was assessed using a likelihood ratio test of a covariate equal to number of rare alleles (0, 1, or 2) based on an unconditional logistic regression model as implemented in R. We calculated per-allele odds ratios and corresponding 95% CI. We used the HAPLO.STATS package [23] in R to test for association between ERG haplotypes and prostate cancer risk. Haplotypes with a frequency \5% were pooled together. We adjusted all analyses for age and geographical region. Follow-up began at the date of diagnosis and ended at the date of death or the last follow-up (1 March 2007) . A likelihood ratio test of a covariate equal to number of rare alleles (0, 1, or 2) based on the Cox proportional hazards model was utilized to test for association between SNP and prostate cancer-specific death as implemented in R.
The proportional hazards assumption was tested based on Schoenfeld residuals as implemented in Stata, version 8 [24] . Based on the number of SNPs tested, we performed a data simulation by randomly permuting genotype status and then reevaluate the Cox regression for each SNP. p-Values adjusted for multiple testing were then computed based on the empirical distribution of the maximum of the 21 test statistics obtained from Cox regression analysis for each permutation. A total of 10,000 replicas were run. We used the Kruskal-Wallis test to test for correlation between clinical characteristics and SNP genotypes. To estimate haplotypic effects on survival, we used the THESIAS software which allows analysis of censored data using a standard Cox proportional hazards formulation [25] . Hazard ratios and corresponding confidence intervals were estimated for each haplotype by comparison to a reference haplotype chosen as the most frequent one. A likelihood ratio test was used to perform a global test of association between haplotypes and prostate cancer death. Effects associated with rare haplotypes (frequency \0.05) were not estimated. All pvalues are based on two-sided tests.
Results
Genotyping failed for two SNPs, rs464980 and rs2836542 but the high coverage of the genetic variation in the region was maintained (r 2 = 0.94). The remaining SNPs had an average success rate of 98.3% (range: 96.3-99.4). All SNPs were in Hardy-Weinberg equilibrium among controls (p [ 0.01). The concordance rate between blinded duplicated samples (n = 330) was 99.93%.
Survival analysis
Two common SNPs, rs2836626 and rs2836582 located in block 4, were associated with prostate cancer survival ( Table 2) . Compared with carriers of the most common allele, carriers of the rs2836626 'T' allele (MAF = 21%) were at increased risk to die from prostate cancer (HR: 1.28, 95% CI, 1.1-1.5, p = 0.009) whereas carriers of the rare 'T' allele (MAF = 23%) of rs2836582 had a significant better prognosis (HR = 0.80, 95% CI, 0.7-1.0, p = 0.02). No other of the 19 SNPs examined were associated with survival. Multivariate Cox regression analysis adjusted for TNM-stage, Gleason sum, and PSA levels at diagnosis did not alter the associations (HR = 1.27, p = 0.01 for rs2836626 and HR = 0.82, p = 0.05 for rs2836582) and neither did adjustment for treatment or family history (data not shown). We also tested the association between rs2836626 and rs2835582 and overall survival. Even though both SNPs were still significant (HR = 1.22, p = 0.02 and HR = 0.84, p = 0.05, respectively), the associations were attenuated. This is not surprising as the majority of deaths in this population (n = 576) are due to prostate cancer (n = 393). Therefore, the association with prostate cancer-specific death will also be observed in the overall survival analysis. Although rs2836626 and rs2835582 lies within the same haplotype block, their r 2 is only 0.03 (D' = 0.69). When both SNPs are included in the same model, rs2836626 remains significant (HR = 1.22, p = 0.04) while rs2836582 is only suggestively associated (HR = 0.82, p = 0.06). This suggests that both SNPs measure an indirect signal located within block 4. Carriers of the rs2836626 'T' high-risk allele were also diagnosed with a significant higher TNMstage than non-carriers (p = 0.009). Indeed, in survival analysis only adjusted for TNM-stage the association between rs2836626 and prostate cancer-specific survival disappeared (HR = 1.12, p = 0.22). However, when we adjusted our analyses for multiple testing using permutation tests, no association remained significant (p = 0.13 for rs2836626).
We observed borderline association between haplotypes and prostate cancer-specific death in block 4 (p global = 0.06, Table 3 ). Specifically, 0 CTCGTATG 0 carriers had a 36% increased risk of prostate cancer-specific death compared to the most common haplotype (95% CI, 1.1-1.7, p = 0.006). In addition, a single haplotype in block 3 (p = 0.03) and the 0 GTCTTAGT 0 haplotype in block 4(p = 0.04) were nominally associated with prostate cancer-specific survival (Table 3) .
To explore how representative included cases are for Swedish prostate cancer, we compared survival outcome and clinical characteristics between participating cases with DNA available for analysis and participating cases that did not provide DNA. There was no difference in prostate cancer-specific death between those who had participated with a blood sample and those who had not (p = 0.61). Moreover, we observed no difference 
Association analysis
We observed no association between ERG SNPs and prostate cancer risk (p-values ranging from 0.26 to 0.96, Table 2 ). The genomic structure of the ERG promoter region includes four distinct haplotype blocks (Fig. 1) . There was no correlation between ERG haplotypes and prostate cancer risk (Table 3 ). These data suggest that if common genetic variation at the ERG locus has a notable influence on risk of developing prostate cancer, it would be found outside our target region and demonstrate no LD with SNPs and haplotypes examined in this study.
To explore if case-misclassification (control subjects with undiagnosed prostate cancer) affected the results, we repeated association analysis between ERG genetic variants and prostate cancer risk excluding control subjects with a PSA level above four (n = 303). However, neither ERG SNPs nor ERG haplotypes showed significant association with disease risk in this restricted analysis (data not shown).
Discussion
This is the first study to evaluate if polymorphisms located in the promoter region of ERG are involved in prostate cancer development or in the progression to a lethal phenotype. We found evidence that genetic variation in this region alters prostate cancer-specific survival because individual SNPs and haplotypes in block 4 were associated with prostate cancer-specific death. Block 4, located 100 kb upstream of ERG, spans a region of 57 kb. Specifically, carriers of the variant rs2836626 'T' allele were at 30% higher risk to die from prostate cancer and carriers of the 0 CTCGTATG 0 haplotype were at 36% increased risk. The variant 'T' allele of rs2836626 is only present at the 'CTCGTATG' haplotype indicating that this haplotype harbors a yet untyped causal marker showing strong linkage disequilibrium (LD) with rs2836626. We also observed significant association between rs2836626 and higher TNM-stage (p = 0.009). However, there are no known regulatory sequences in this region making it difficult to validate our findings from a biological point of view. In contrast, we observed no association between genetic variation and prostate cancer risk. There has been no implication of linkage to this region in Caucasians, although a linkage signal has been observed at 21q22.13-22.3 among eight pedigrees of African-American ancestry [26] . However, when we adjusted for multiple testing, no association remained statistically significant and considering the number of SNPs tested, we cannot rule out the possibility of chance findings.
There are both strengths and weakness with this study. CAPS is a well-powered population-based case-control study in a homogenous population. As PSA screening was limited in Sweden at the time for study recruitment [27] . CAPS includes predominantly symptomatic prostate cancers. The high proportion of clinically significant cancers is manifested by the high number of prostate cancer deaths, (12%) despite the relative short time of follow-up. Because we had no access to tumor samples, SNPs and haplotypes could not be studied in relation to fusion status or ERG expression. Another limitation is the restricted genetic region investigated. We cannot exclude that genetic variation outside the investigated region plays a significant role in prostate cancer.
Given that the fusion may be important in the natural history of prostate cancer, SNPs in this region may affect prognosis by induce/inhibit fusion. TMPRSS2:ERG rearrangement through genomic loss between the genes has been observed in a higher proportion of cancers with hightumor stage and metastases to pelvic lymph nodes [2] . As we observed a high proportion of high grade tumors related to rs2836626 genetic variation in this region might favor fusion through deletion. Alternatively, genetic structure located in the 5 0 UTR has a direct effect on ERG activation. The TMPRSS2:ERG fusion is to date the most common chromosomal rearrangement in epithelial cancers. Its identification and implicated role in clinical prostate cancer provides new insight into the molecular mechanisms of prostate cancer. Understanding what drives this genetic rearrangement and its consequences may pave the way toward new areas of disease management.
In this study, we identified a borderline association between inherited genetic variation upstream of ERG and prostate cancer-specific survival. Unfortunately, we were not able to interpret our results in relation to TMPRSS2:ERG fusion status. If confirmed in other large studies, our results might help understanding the mechanisms behind the most common chromosomal rearrangement in prostate cancer to this date and further clarify the importance of ERG activation in the outcome of prostate cancer.
